I define the Standard Supersymmetric Model (SSM) as the minimal supersymmetric extension of the Standard Model with gauge coupling unification and universal soft supersymmetry breaking at the unification scale. This well-defined model has a fivedimensional space of unknown parameters (m t , tan β, m 1/2 , m 0 , A). I outline the topdown and bottom-up methods of solving this model. Thresholds may be treated either by dropping heavy particles from the RGE's or by considering loop corrections to the vacuum energy. Substantial regions of the parameter space are consistent with all experimental constraints. I consider the relation of the SSM to more realistic models such as supersymmetric SU (5), Flipped SU(5) × U(1), the String-Inspired Standard Model, and string-derived models. I briefly discuss sparticle spectroscopy and flavor changing neutral currents (FCNC's) as sample methods for determining the unknown parameters of the SSM, and discriminating between the SSM and more realistic models.
sI.Introduction I. Introduction
Unified supersymmetric gauge theories are very likely the framework to describe physics below the Planck scale. In addition to the theoretical motivation that supersymmetry solves the gauge hierarchy problem, the excellent agreement of LEP data with the predictions of gauge coupling constant unification in supersymmetric models 1 provides a strong basis for belief in supersymmetry. Recent precision LEP measurements have sparked an explosion of work on unified supersymmetric models.
In sorting through the many different models available, the elucidation of a Standard Supersymmetric Model (SSM), comparable to the Standard Model in definiteness and number of parameters, proves useful. The SSM is defined as the minimal extension of the Standard Model with gauge coupling unification and universal soft supersymmetry breaking at the unification scale. The SSM has an unknown parameter space of five dimensions, (m t , tan β, m 1/2 , m 0 , A).
In this talk, I present the basic properties of the SSM, the techniques used to extract predictions over the complete five-dimensional parameter space, the relation of the SSM to more realistic models, and discuss sparticle spectroscopy and flavor changing neutral currents as sample tests of unified supersymmetric models. Section 2 defines the SSM, and Section 3 outlines the top-down and bottom-up methods of solving the SSM. Section 4 considers how thresholds may be treated by dropping the heavy particles from the RGE's or considering loop corrections to the vacuum energy. Section 5 considers the relation of the SSM to more realistic models. Two sample experimental tests of unified supersymmetric models, sparticle spectroscopy and flavor changing neutral currents (FCNC's), are discussed in Sections 6 and 7.
Conclusions are presented in Section 8.
Unification and supersymmetry go hand in hand. Supersymmetry ensures the cancellation of quadratic divergences necessary to reliably connect unification-scale physics with accessible low-energy predictions. Unification ensures that the model has only a few parameters, introducing correlations between the observables of the lowenergy model which can be experimentally tested. Because of quantum loop-effects, every prediction of a unified supersymmetric theory is sensitive to all the fundamental parameters of the theory. In principle, any five exact experimental measurements determine the parameters of the SSM, and each additional measurement tests the theory. In practice, uncertainty in experimental measurements gives an allowed region in parameter space which narrows, and possibly disappears, with increasing experimental precision.
A strict definition of a valid scientific theory requires that the theory be falsifiable.
The SSM could be falsified in two ways, observing processes like proton decay or lepton flavor violation which are forbidden in the SSM, or showing that every point in the parameter space is inconsistent with some experimental measurement. Thus it is important to develop general methods for accurately extracting the predictions of the SSM over its entire parameter space.
Theoretical considerations clearly indicate that the SSM is only an approximation to the complete theory of nature. Moreover, quantum gravitational effects probably introduce an uncertainty into every prediction of the SSM. 2 However, the ability to test the SSM without non-renormalizable corrections from quantum gravity is the foundation for investigating these corrections. Because of this, precision calculations and experimental tests of the SSM are crucial. The definiteness and simplicity of the SSM make it the ideal example for developing tools to test unified supersymmetric models. These tools are generally applicable to more realistic models, but easier to develop in the context of a simple, well-defined model.
String theory provides a framework to quantify the effects of quantum gravity, and realistic string models reduce to unified supersymmetric models below the Planck scale. Therefore, the techniques to test the SSM are a necessary subset of those needed to test string theories. Also, because of the huge diversity of possible string models, the field-theoretic parameterization afforded by string-inspired models is a necessary complement to the "needle in the haystack" approach of specific stringderived models.
The SSM should be taken seriously as a well-defined, testable model, which incorporates most of the features the complete theory of nature is likely to contain. The methods of extracting the predictions of the SSM and the process of experimentally testing it are thus extremely important. However, the main goal of testing the SSM is to discriminate the fine details of what lies beyond.
sII.The SSM II. The SSM
The SSM is defined as the minimal supersymmetric extension of the Standard Model with gauge coupling unification and universal soft supersymmetry breaking at the unification scale. The SSM superpotential
involves a dimensionful Higgs mixing term, µ. By adding a gauge singlet to the model and replacing the last term in the superpotential Eq. (2.1) with
the Higgs mixing can be dynamically generated without a dimensionful coupling. 3 Although the final, unconstrained, five-dimensional parameter space of the model with a dimensionful Higgs mixing and the model with an extra singlet are identical, the structure, solution, and constraints differ between the two models. 
where λ d , λ u , λ e are diagonal matrices with real entries and K is the KM matrix.
This generational structure of the Yukawa couplings underlies attempts to understand the observed fermion masses and mixings, 4 and calculation of supersymmetric contributions to FCNC's. However, for most other applications of the SSM, taking a unit KM matrix and neglecting all but the top, bottom, and tau Yukawas is an excellent approximation which will be used throughout this paper, except for the section on The top-down method chooses the ten parameters at the unification scale
and then computes all the parameters in the Lagrangian at m Z using the renormalization group equations. Assuming only real vev's of the neutral Higgs, the scalar potential at tree level is
Extremizing this potential with respect tov and v determines the Higgs vev's, which in turn determine M Z and tan β =v/v.
An acceptable point in parameter space must also yield a potential bounded from below with the global minimum having non-zero vev's for only the two neutral Higgs. Once the potential has been minimized to determine v/m 1/2 andv/m 1/2 , the constraint m 2 W = g 2 2 (v 2 +v 2 )/2 determines m 1/2 . However when thresholds are included, the dimensionful values of the parameters are required to construct the potential, and this simplification is not possible.
The bottom-up method attempts to simplify and speed up this process by directly determining some of the parameters at the unification scale from known low-energy parameters. The gauge sector provides the classic example whereby, at one loop and neglecting thresholds, α em and α 3 predict M X , α X , and sin 2 θ.
3)
The prediction of sin 2 θ represents a spectacular success of the SSM. More careful treatment of this prediction, including higher-loops and thresholds, has been used to further constrain SSM and SSM-like models. 7
The one-loop RGE's for the Yukawa couplings involve only the gauge couplings and the Yukawa couplings. The fermion masses m b , m t , m τ and tan β allow λ b , λ t , λ τ to be determined at low energies and evolved to calculate the three Yukawas at the unification scale, independent of the soft supersymmetric-breaking parameters. Since it is convenient to use m Z as the low-energy renormalization point, the physical fermion masses must be converted to running MS masses renormalized at m Z . 8 Thus, from two unknowns, m t and tan β, and the known fermion masses, m b and m τ , the Yukawas can be determined at m Z and evolved to the unification scale.
Specifying the soft supersymmetry-breaking parameters m 1/2 , m 0 , and A at the unification scale allows the entire set of RGE's (except the two for µ and B which do not enter any of the other RGE's) to be evolved to determine all the parameters at m Z .
Having The lightest neutralino provides a natural dark matter candidate. The SSM has an exact R-parity and the lightest supersymmetric particle (LSP) is stable. Areas of parameter space where the lightest supersymmetric particle is a chargino or areas where the relic neutralino density is too great are excluded in the SSM, although R-parity breaking extensions of the SSM could possibly rescue these areas. However, cosmologically, the most interesting areas of parameter space are those where the LSP is a neutralino with relic density near the critical density. 10 sIV.Thresholds IV. Thresholds
The most straightforward method of including threshold effects is to drop heavy particles from the RGE's at scales below the mass of the heavy particles. This method has the advantage of maintaining the leading log accuracy of the RGE's. However, the method has two computational drawbacks. First, the RGE's and scalar potential become substantially more complicated once a non-supersymmetric threshold has been integrated out. 11 This is because the dimensionless parameters in the scalar potential are no longer simply related to gauge and Yukawa couplings by supersymmetry, leading to a proliferation of parameters. Second, the threshold structure depends on the final solution, which in general must be determined by iteratively approaching a selfconsistent solution. Despite these two drawbacks, significant progress has been made in determining and solving the non-supersymmetric RGE's resulting from integrating out the various thresholds in the SSM. 12 A computationally simpler approach uses the one-loop corrections to the vacuum energy 13 to construct a scalar potential independent of the renormalization point to one-loop order 14
where V tree is given by Eq. property that the scalar potential is independent of the renormalization point to one-loop order provides a highly non-trivial numerical check on the procedure. 6 The potential Eq. (4.1) requires a slight adjustment to be truly independent of the renormalization point: as it is, only derivatives of Eq. (4.1) have this property. Using φ to denote the collection of field vev's and t = ln(Q/m Z ), the corrected potential is
This prescription can be justified in several ways. 15 Adding a field-independent piece to V does not change the derivatives of V . Furthermore, the renormalized poten- Note that the potential is formally t-independent to one-loop no matter where the masses in the supertrace are renormalized. However, only when these masses are renormalized at t = 0 do the two-loop subleading-log terms and the linear t-term in the potential vanish. In computing V tree at t = δ, all the parameters in V tree must be renormalized at t = δ, including the wave-function renormalization of the vev's v andv. Two-loop and higher-loop effects (higher derivatives of V with respect to t) increase logarithmically with Q/m Z , and signal a progressive deterioration of the one-loop approximation as the mass of the thresholds increase. Although it is difficult to formulate precise criteria for where the approximation breaks down, higher-order terms certainly become important for sparticle masses above about a TeV.
Although the inclusion of threshold effects shifts the detailed quantitative predictions of the SSM, the qualitative picture of the presently allowed regions in parameter space remains much the same. However, the tree-level result that m h < m Z is substantially modified, and the lightest Higgs could be much heavier. Model quantum numbers, at least one Q, Q pair is always needed. This requirement can be relaxed by allowing representations with non-standard hypercharge. 33 Ultimately, string theory should predict the fermion masses and mixings. Experimental bounds have been shown to be consistent with extremely simple patterns for the Yukawa matrices at the unification scale. 4 These textures provide a reachable target for string models. One approach attempts to fix the orbifold moduli to give the observed fermion masses and mixings. 34 String derivations of the soft supersymmetry parameters validate the assumption of predominantly universal soft supersymmetry and add small non-universal corrections. 35 In the top-down approach, each particular string model potentially fixes the high-energy boundary conditions. In the bottom-up approach, experiment can be used to constrain the high-energy parameters and give an indication of the classes of string models required. Considering the huge number of plausible string models and the computational effort required to derive predictions, an artful combination of these complementary approaches seems necessary.
sVI.Sparticle Spectroscopy VI. Sparticle Spectroscopy A remarkable consequence of the self-interacting dynamics inherent in the framework of quantum field theories is that every physical process depends on all the parameters of the theory. In principle, this means that for a theory with n parameters, any n physical measurements completely determine the theory, if these measurements can be made with arbitrary precision. However, in practice, experimental measurements have a finite precision, and different parameters in the theory enter each process at different orders in the perturbative expansion. This makes the strategy of which processes are used to determine which parameters important.
The most direct strategy is to actually produce the particle of interest. Definitive proof for supersymmetry would be the production of sparticles. If the masses of several sparticles could be measured, the resulting sparticle spectroscopy could be used to determine the parameters of the SSM and search for departures from the SSM. The sparticles corresponding to the two light generations have a very simple dependence on only three of the SSM parameters: m 0 , m 1/2 , and tan β.
Measurements of three sparticle masses can be converted into a determination of m 1/2 and m 0 with fractional uncertainties comparable to that of the sparticle mass measurements. 36 Sufficiently accurate determination of more sparticle masses could be used to discriminate between different extensions of the SSM such as extensions of the gauge group, additional Yukawas, generational-dependent extra heavy gauge bosons, and non-universal sypersymmetry breaking, which all leave distinct imprints on the sparticle spectrum. For example, for large enough sparticle masses (so that the D-terms in Eq. (6.1) can be neglected) and mg = cgm 1/2 the quantity
gives, e.g. ∆ẽ LẽR = 0.062(0.048) and ∆ũ
These measurements would discriminate between the SISM and the SSM independent of the soft supersymmetry-breaking parameters used.
sVII.Flavor Changing Neutral Currents VII. Flavor Changing Neutral Currents
It is also possible to deduce information about particles inaccessible directly at presently available energies through their virtual influence in loop corrections to precision experiments. This is the strategy which has been used to bound the top and Higgs masses by requiring consistency of the different radiatively corrected electroweak processes measured at LEP. 37 Flavor changing neutral currents offer a particularly sensitive probe of virtual loop effects. Because flavor changing neutral currents vanish at tree level, the influence of the new superpartners can potentially be comparable to that of the Standard Model fields.
In calculating supersymmetric contributions to flavor changing neutral currents by summing over mass eigenstates, the final result is buried within cancellations between the contributions of six different squark mass eigenstates involving 6 × 6 matrices of quark-squark mixing angles. An alternative, mass-insertion result 38 may be derived from the mass-eigenstate result. In the mass-eigenstate approach, the flavor changing resides in flavor non-diagonal gauge couplings while in the mass-insertion approach, the gauge couplings are flavor diagonal and the flavor changing resides in flavor offdiagonal elements of the sparticle mass matrices. The difference between the two approaches is the choice of flavor basis and the result is independent of this choice.
For example, to lowest order in mass insertions, the gluino box contributions to ∆S = 2 processes gives rise to an effective interaction Lagrangian 39
where Mq is the universal (or average) down-squark mass and x = M 2 g /M 2 q . The ∆B = 2 effective interaction can be read directly from Eq. All the constraints are useful (i.e. δm 2 AB /M 2 q < 1), even for heavy squark masses Mq ≫ 1 TeV. This severely restricts the flavor structure of a general supersymmetric theory.
In the SSM, non-diagonal squark mass matrices are generated by renormalization effects between the unification scale and M Z . The resulting low-energy mass insertions are predominantly left-left, and exhibit the following approximate flavor dependence: 39 Most nontrivial extensions of the SSM contain extra Yukawa couplings, and these generically lead to large FCNC's. 44 In supersymmetric Flipped SU(5) × U(1), 24 for example, there can be potentially large FCNC's generated above the GUT scale: 39, 45 [δm
where λ 6 is an a-priori unknown Yukawa coupling associated with a see-saw neutrino mass mechanism.
From the phenomenological constraints in Table I , useful bounds on the unknown GUT Yukawa λ 6 result. The strongest bounds come from the (δm 2 LL )(δm 2 RR ) contributions to ∆M K , ∆M B :
using the approximate low-energy relation M 2 q ≃ (ξ 2 0 + 6)m 2 1/2 . Equation (7.5) provides important knowledge about the unknown matrix λ 6 and the pattern of soft supersymmetry breaking. For instance, if supersymmetry breaking takes the form of either m 0 or A, then Eq. (7.5) requires certain elements of λ 6 to be quite smallsmaller than expected from superstring theories, which relate Yukawa couplings to gauge couplings λ ≈ g ≈ 0.7. One may be forced to conclude that these couplings vanish at the tree level in such theories-or that soft supersymmetry breaking takes the form of m 1/2 . Note that because of Eq. Despite the simplicity of the SSM, it is still an active area of research. Only in the last few years has its constrained parameter space been identified and searched.
Combining the merits of the two methods of treating thresholds, complete two-loop calculations, and estimation of the accuracy of one-loop and two-loop treatments all seem possible and worthwhile projects.
The interplay between the SSM, string-inspired, and string-derived models is very lively. Perhaps the most exciting prospect arises from the glimpse that string theory gives into physics beyond the Planck scale, physics beyond space-time. The numerous possible string vacua suggest a symmetric state of string theory (perhaps topological field theory) where the space-time metric vanishes or is singular. Thus it seems that the ultimate explanation and source of the laws of nature transcends space and time. But the scientific method has developed and operates within space and time.
However, purely empirical science rests on a foundation of theoretical insight where theories are tested on the basis of elegance and logical consistency. The need for a quantum consistent theory of gravity provides the most compelling motivation for string theory. In the search for ultimate truth, especially in the high-energy realms where experimental evidence is scarce, we may need to sharpen our skills for directly cognizing the structure of natural law.
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